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Introduction
Bartter's syndrome (Simon et al., 1996a), respectively, tubulopathies that are associated with massive renal The function of the nervous system depends on an intersalt loss. Disruption of NKCC1 in mice leads to a severe play between synaptic excitation and inhibition. In the degeneration of the inner ear (Delpire et al., 1999) and adult mammalian central nervous system (CNS), GABA to male infertility (Pace et al., 2000) , phenotypes that and glycine are the main inhibitory neurotransmitters, can be attributed to defects in transepithelial transport while glutamate is the main excitatory neurotransmitter.
as well. Although NKCC1 is also expressed in neurons, Ionotropic glutamate receptors are cation channels that where it presumably raises [Cl Ϫ ] i already early in develhave a high sodium conductance. Since physiological opment, no major neuronal phenotype of NKCC1-defisodium gradients are directed inwardly, their opening cient mice has been reported though the GABA realways leads to an inward current and to a depolarization sponse of isolated dorsal root ganglion cells was shifted of the postsynaptic membrane that can be excitatory.
(Sung et al., 2000).
GABA or glycine mediates synaptic inhibition by open-
The KCC gene family comprises four members (Mount ing postsynaptic ligand-gated anion channels. The elecet al., 1999). Among these, KCC2 is a neuronal isoform trical response is governed by the electrochemical pothat is broadly expressed in the adult CNS (Payne et al., tential of the ions that are conducted by their pores. 1996). Depending on the chemical concentration gradiDepending on the particular cell, the intracellular chloents of potassium and chloride, this transporter can ride concentration can be below, at, or above equiliboperate as a net efflux or influx pathway, which further rium. Therefore, GABA and glycine can lead to a hyperimplies the movement of water. It is becoming clear polarization, an increase in membrane conductance that this transporter plays a significant role in dynamic without changing the voltage, or a depolarization of the changes of ion concentrations and water during synaptic transmission (Voipio and Kaila, 2000). In the rat hippocampus, the incipient expression of KCC2 correlates with the switch from a depolarizing to a hyperpolarizing Targeted embryonic stem (ES) cell clones were identiaction of GABA that occurs around postnatal day 9 (P9) fied by Southern blot analysis, which exploited a newly (Rivera et al., 1999). The suggestion that KCC2 is the introduced EcoRI site. With a 3Ј probe, an ‫8ف‬ kb smaller dominating neuronal Cl Ϫ extrusion mechanism was supfragment was detected for the mutant allele ( Figure 1B ). ported by antisense experiments in vitro (Rivera et al., Two independent correctly targeted embryonic stem 1999). Therefore, KCC2 knockout (KO, Kcc2 Ϫ/Ϫ ) mice (ES) cell clones were injected into blastocysts and gave were expected to develop neurological defects after heterozygous offspring. Heterozygous animals had no birth. Unexpectedly, Kcc2 Ϫ/Ϫ animals had severe motor obvious phenotype: life expectancy and simple behavdeficits already at birth and died due to a failure of ioral tests, as well as the response to seizure-inducing respiration. Sciatic nerve reflexes were abnormal and agents (Prichard et al., 1969) , were not different from WT motoneurons showed an excitatory response to GABA mice (Kcc2 ϩ/ϩ ) (data not shown). Homozygous mutants or glycine that contrasted with an inhibitory response (Kcc2 Ϫ/Ϫ ) developed in utero at the expected Mendelian seen in wild-type (WT) mice of the same age. This shows ratio (32 Kcc2 Ϫ/Ϫ out of 127 littermates) but died within that the functional GABA/glycine switch in the spinal 15 min after birth. We therefore sacrificed pregnant mice cord occurs earlier than in the hippocampus. It depends before spontaneous delivery at day 18.5 of gestation to crucially on the expression of KCC2, and is indispensrecover the offspring via Cesarean section. Heterozyable for the normal function of motor circuits already at gous and WT embryos consistently survived this procebirth.
dure. The absence of the WT KCC2 transcript and protein in Kcc2 Ϫ/Ϫ animals was confirmed by Northern ( Figure 1C ) and Western blot analysis ( Figure 1D ). BeResults cause the antibody was directed against an amino-terminal epitope, the Western analysis also revealed the Kcc2 Ϫ/Ϫ Mice Die Immediately after Birth virtual absence of a truncated protein (expected size due to Hypoxia ‫81ف‬ kDa) that might be expressed from the construct. To investigate the physiological role of KCC2, we dis- and KCC2 Ϫ/Ϫ littermates was investigated by ribonuclease protection assays. The KCC2 probe spanning exon 5 of Kcc2 was degraded to a shorter fragment in the mutant. When normalized to actin (lower panel), the KCC2 Ϫ/Ϫ /KCC2 ϩ/ϩ ratios of transcripts were: KCC1 (134% Ϯ 18%), KCC3 (96% Ϯ 9%), KCC4 (117% Ϯ 15%), NKCC1 (97% Ϯ 13%), and ClC-2 (103% Ϯ 6%) (n ϭ 3, Ϯ SEM). Differences between KO and WT were not significant. animals failed to breathe and had lung atelectasis transporting proteins. KCC1 is the housekeeping isoform of the KCC transporter family and is almost ubiqui-( Figures 1F and 1G spinal cord (Figure 2A ), where motoneurons are located (Wentworth, 1984 ), but were absent in spinal ganglia. To exclude heart failure as the primary cause of the neonatal death of Kcc2 Ϫ/Ϫ animals, we recorded electro-KCC1, KCC3, and ClC-2 transcripts were expressed more diffusely in the spinal cord and in spinal ganglia cardiograms (ECG) of Kcc2 Ϫ/Ϫ and WT animals. However, heart rate and amplitude were identical immediately (Figures 2B, 2C, and 2E) as well as in other tissues (data not shown). NKCC1 transcripts were detected in some after birth and only gradually declined due to hypoxia (data not shown). According to these data, we specucells of the spinal cord and in spinal ganglia ( Figure 2D ). Around birth (E18.5), KCC2 transcripts were detectable lated that Kcc2 Ϫ/Ϫ animals have severe motor deficits and die due to an inability to breathe. The GABA-induced shift of the reversal potential was both antagonists (data not shown) (n ϭ 5). However, also determined under voltage-clamp conditions (Figraising the extracellular potassium concentration to 8 ures 6B and 6C): in Kcc2 Ϫ/Ϫ motoneurons, the reversal mM established irregular respiratory activity of Kcc2 Ϫ/Ϫ potential shifted from Ϫ64.6 Ϯ 4.2 mV to Ϫ33.1 Ϯ 6.4 brainstems ( Figure 4B, lower trace) . This confirmed the mV (n ϭ 5), whereas in WT, it was changed from Ϫ63.5 Ϯ vitality of the preparations.
3.4 mV to Ϫ52.2 Ϯ 5.2 mV (n ϭ 5). This agrees very well Given the abnormal posture of mutant mice, we moniwith the current clamp experiments. tored the electrical activity of the sciatic nerve in mutant
The absence of action potentials during GABA appliand control animals. The sciatic nerve includes afferent cation in TTX free recordings of E18.5 WT motoneurons fibers, e.g., from muscle spindles, and efferent fibers ( Figure 6D ) demonstrated that GABA had already an innervating muscles of the hindlimb ( Figure 5A ). Numerinhibitory effect. In Kcc2 Ϫ/Ϫ motoneurons, however, the ous bursts and spontaneous motoneuron action potendepolarization induced by GABA or glycine was strong tials were consistently recorded in Kcc2 Ϫ/Ϫ animals enough to cause multiple action potentials, revealing an (roughly 30 spikes/min; n ϭ 5), whereas spontaneous excitatory action of both neurotransmitters ( Figure 6E ), activity was rare in all control preparations and was never sustained (roughly 4 spikes/min; n ϭ 5). As a which was not observed in WT motoneurons. motoneurons. The depolarization amplitude after application of GABA or glycine, respectively, was significantly larger in Kcc2 Ϫ/Ϫ than in WT animals. As a consequence, GABA-induced depolarization elicited multiple action potentials in KO motoneurons. In contrast, though GABAand glycine-activated Cl Ϫ efflux also moderately depolarized WT motoneurons, it reduced their excitability. This may be due to the increased conductance which can shunt excitatory synaptic currents (Gao and Ziskind-Conhaim, 1995), or may be caused by a voltage-dependent inactivation of Na ϩ channels (Zhang and Jackson, 1993). These findings prompted us to test spinal cord reflexes in WT versus Kcc2 Ϫ/Ϫ preparations. We chose the anatomically well-defined sciatic nerve, which includes afferent fibers from proprioceptive receptors and efferent fibers that innervate various muscles of the hindlimb. By electrical stimulation, it is possible to preferentially activate group Ia afferents that originate from muscle spindles because they have lower thresholds than the efferent axons of ␣ motoneurons (Lloyd, 1943). Hence, we could test the monosynaptic reflex by stimulating and recording the same nerve. This reflex involves muscle spindles afferents, which project to the correspond-29.9 Ϯ 7.8 mV; n ϭ 4). WT animals responded with significantly lower depolarizations to GABA (⌬V ϭ 8.2 mV Ϯ 3.7; n ϭ 5) and glycine (⌬V ϭ 10.3 Ϯ 4.7 mV; n ϭ 3) and sometimes even hyperpolarized. in motor control, and to an inability to breathe, which results in perinatal death.
Western Blot
The KCC2 antiserum was raised in rabbits against the amino-terminal epitope CEDGDGGANPGDGNP coupled to BSA through the C-terExperimental Procedures minal cysteine and affinity purified. It was highly specific, as no signals were detected in Kcc2 
